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Abstract 
The eye movement data in five areas of interest (AOIs) were analyzed as follows, Head-up Display (HUD); Integrated Control 
Panel (ICP); Right Multiple Function Display (RMFD); Left Multiple Function Display (LMFD); and Outside of cockpit (OC). 
The scenario is performing an air-to-surface task to aim at a stationary target. The results show significant differences in pilots’ 
percentage of fixation between two interface designs on the ICP (t=-3.36, p<.005, Cohen’s d=-.98); RMFD (t=-4.85, p<.001, 
Cohen’s d=-1.55) and LMFD (t=-2.56, p<.05, Cohen’s d=-.79). There were significant differences in pilots’ fixation duration 
between two interfaces on the HUD (t=2.64, p<.05, Cohen’s d=.81); ICP (t=-3.00, p<.005, Cohen’s d=-.94); RMFD (t=-5.32, 
p<.001, Cohen’s d=-1.65) and LMFD (t=-2.77, p<.05, Cohen’s d=-.92). By the application of eye tracker devices, interface 
designers can precisely evaluate pilots’ visual behavior among interfaces of cockpit and SA performance. In addition, extra 
workload might have a negative impact on pilots’ SA performance and increase the probability of operating hazards, and so there 
is the opportunity to compensate for the negative impact of workload through human-centered design. The current research uses 
eye-tracking devices to investigate pilots’ visual behaviors and interface design and has potential to facilitate system designers’ 
understanding of pilots’ attention distribution and situational awareness for improving the integration of cockpit designs and 
ultimately aviation safety. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of AHFE Conference. 
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1. Introduction 
Eye scan pattern is one of the most powerful methods for assessing a pilot’s cognitive processes in the cockpit. 
The visual information captured by eye trackers provides the opportunity to investigate the relationship between 
visual scan patterns and attention shifts while performing tasks, as eye tracking devices can provide a vehicle for 
incorporating considerations of pilot cognitive performance into the design of cockpit displays and interfaces [1&2]. 
Furthermore, visual behaviors can provide numerous clues concerning the mental process of encoding information 
perceived by pilots by using in-flight visual behaviors, such as which areas of interest (AOIs) they scan, dwell and 
attend, as eye movements data are a sensitive and automatic response which may serve as a window into the 
processing of pilots’ situational awareness (SA) and a reflection of the mental state [3&4]. Endsley [5] defines three 
levels of SA, which are linked closely with the major components within cognitive processes. The first level is to 
perceive environmental cues, such as warning lights in the cockpit. The second level is a process of comprehending 
the cues based on knowledge and experience. The third level is to predict the possible situation in the near future and 
project the related measurements to resolve the specific status. SA has been recognized an essential component 
within a pilot’s cognitive process in the domain of aviation [6]. The most important of enhancing pilots’ situation 
awareness in the flight deck is in the design and implementation of better information displays and human-computer 
interface.  Kaempf and Klein [7] suggested that the quality and difficulty of decisions in aviation are based on the 
ambiguity and completeness of information. By improving the content and presentation of this information, it is 
possible to improve and facilitate pilots’ cognitive processes in decision-making. The current research applies eye-
tracking devices to investigate pilots’ visual behaviors and interface design. It has potential to facilitate system 
designers’ understanding of pilots’ cognitive processes relevant to attention distribution and situational awareness, 
and to influence flight deck interface design. 
The natural limitations of human cognitive processes and the vast number of parallel tasks are reasons for 
increasing critical stress for military pilots. Under the high demands of tactical missions and dynamic aircraft 
maneuvers, pilots have to deal with additional difficulties and increased workload during multi-missions and adverse 
hostile conditions such as enemy fire [8]. Because workload can negatively affect operator performance and increase 
the probability of operating hazards, researchers have put a great deal of effort into developing measures of operator 
workload [9].  Aside from using self-reported subjective workload ratings as a gauge for evaluating operators’ 
workload, pupillary response has also been proposed as an index of the amount of cognitive processing [10]. Eye 
movement measurement offers deep insights into human-machine interaction and the mental processes of pilots. 
Measurements based on different aspects of ocular behavior, such as the number of fixations, dwell time, and the 
dilation of pupil, have been used to reveal the status of mental workload. There is evidence that increases in 
workload could increase both dwell time and the frequency of long fixations [11].  The bottom-up visual process is a 
stimulus-based and generated from the saliency of information. It can be explained by level one of SA; perception of 
the cues. On the other side, the top-down approach is a knowledge-based theory centred on the cognitive process 
[12]. Pilots’ fixation shifts are controlled by cognitive processes to a specific AOI to acquire the information to 
complete the task in hand. It complies with the theory of three levels of situational awareness proposed by Endsley 
[13]. A pilot has to perceive the stimulus in the cockpit, understand the encountering situation, and predict the 
possible consequences in the near future. As visual searching in a flight deck is critical for collecting information, it 
is the main reason that 75% of pilot errors within cockpit are caused by perceptual failures [14]. The phenomenon 
highlights the importance of interface design in impacting pilots’ attention distribution, perceived workload, and SA 
performance [15]. By utilizing a combination of an eye-tracking device and flight simulators, pilots’ eye movement 
patterns, SA performance and perceived workload could be collected for further analysis, and the results could be 
served as a feedback loop for improving interface design in the future.  Therefore, the objectives of current study are 
investigating (1) the relationship between interface design and pilots’ SA performance; (2) the relationship between 
interface design and pilots’ perceived workload; (3) the relationship between pilots’ perceived workload and pilots’ 
SA performance. 
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2. Method 
2.1 Subjects 
A total of 57 mission-ready military pilots participated in the research. There were 39 Fighter-A type rated pilots 
and 18 Fighter-B type rated pilots.  
2.2 Apparatus 
2.2.1. Flight Simulators: Both flight simulators used in the experiment are high-fidelity training devices for 
military pilots. They are a fixed-base type consisting of identical cockpit displays to those in the military aircraft and 
are built for the purpose of routine flight training and combat planning. The instructors of both simulators can install 
scenarios and observe the trainee pilot’s performance via a console with three monitors. The interface designs of 
Head-up Display (HUD); Integrated Control Panel (ICP); Right Multiple Function Display (RMFD) and Left 
Multiple Function Display (LMFD) are slightly different in terms of the size and presentation of symbols between 
Fighter-A and Fighter-B simulators. 
The scenario of aiming at a stationary target is known as an air-to-surface (AS) mission. Participants were flying 
in a patrol area at an attitude of 20,000 feet, heading of 050° with a cruise speed of 300 knots indicated air speed 
(KIAS) under visual flight rules (VFR). While pilots were dispatched to attack one surface stationary target, they not 
only needed to execute tasks precisely by operating the aircraft, but also to follow the navigation system, entering 
appropriate codes by using various flight deck interfaces. Participants had to intercept the correct route and turn 
toward the target at an altitude of 500 feet with a speed of 500 KIAS simultaneously. They then performed a steep 
pop-up manoeuver to increase altitude abruptly for appropriate target reconnaissance, followed by a dive and roll-in 
toward the surface target to avoid hostile radar lock-on. When approaching the target, participants have to roll-out, 
level the aircraft, aim at the target, lock-on and pick-off the weapons. 
2.2.2 Eye Tracking Device: Pilot’s eye movement patterns were recorded by using a mobile head-mounted eye 
tracker (ASL Series 4000), which is designed by Applied Science Laboratory. It is a light (76 g) and portable device 
which enables subjects to move their head without any limitations during the air-to-air maneuvers. Pilots’ eye 
movements and the related data were collected and stored in a Digital Video Cassette Recorder (DVCR) and then 
transferred to a computer for further analysis. The definition of a fixation point was three gaze points occurring 
within an area of 10 by 10 pixels with a 200 millisecond dwell time (the time spent per glance at an area or display 
of instrument). The eye movement data in five AOIs were defined as following, AOI-1: HUD; AOI-2: ICP; AOI-3: 
RMFD; AOI-4: LMFD; and AOI-5: Outside of cockpit. These AOIs provided critical information for pilots 
performing the task of air-to-air maneuvers. 
2.2.3 NASA-TLX: The NASA Task Load Index (TLX) is a popular technique for measuring subjective mental 
workload. It relies on a multidimensional construct to derive an overall workload score based on a weighted average 
of ratings on six subscales: (1) Mental demand: How much mental demand and perceptual activities you would use; 
(2) Physical demand: How much is the degree of physical demand? (3) Temporal demand: How much is the degree 
of time pressure? (4) Performance: How do you feel about the flying time and the performance in flight? (5) Effort: 
How difficult do you think the task is? (6) Frustration: How much frustration and disappointment do you feel? [16]. 
2.3 Research Design 
All of the Fighter-A and Fighter-B subject pilots undertook the following procedures, (1) completed the 
demographical data including training experience and total flight hours (5 minutes); (2) a briefing of the study and 
the air-to-surface scenario (10 minutes); (3) calibration of the eye tracking device by using three points distributed 
over the cockpit interface display and screen (10-15 minutes); (4) participants performed the air-to-surface task, 
simultaneously instructor evaluated participants’ situational awareness by activating a warning light during pursuit 
the target (3-5 minutes); (5) participants evaluate perceived workload by NASA-TLX (5-10 minutes);  (6) debriefing 
for participants’ feedback (10-15 minutes).  
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3. Results 
There were fifty-seven mission-ready fighter pilots (39 Fighter-A pilots; 18 Fighter-B pilots) who participated in 
this research. The ages of Fighter-A pilots are between 26 and 45 years old (M=33, SD=5); total flying hours 
between 372 and 3,200 hours (M=1304, SD=811); type flying hours between 89 and 2,150 hours (M=809, 
SD=558). The ages of Fighter-B pilots are between 26 and 39 years old (M=29, SD=3); total flying hours between 
310 and 1,600 hours (M=778, SD=344); type flying hours between 100 and 1,200 hours (M=473, SD=307). The 
participants’ demographic data are shown in table 1. Subjects’ percentage of fixation and average fixation duration 
are shown as table 2; participants’ perceived workload by NASA-TLX is shown as table 3. Furthermore, the 
performance of situational awareness between Fighter-A and Fighter-B pilots is present as table 4. 
Table 1. Participants’ demographic variables. 
Variables Groups Frequencies 
Age 
25-30 29 (50.9%) 
31-35 13 (22.8%) 
36-40 8 (14%) 
41-45 7 (12.3%) 
Rank 
Lieutenant 1 (1.8%) 
Captain 32 (56.1%) 
Major 10 (17.5%) 
Lieutenant Colonel 13 (22.8%) 
Colonel Above 1 (1.8%) 
Qualification 
Combat ready 25 (43.9%) 
Two fighter team leader 8 (14%) 
Four fighter team leader 12 (21%) 
Daytime back seat instructor 3 (5.3%) 
Training instructor 9 (15.8%) 
Total Flight Hours 
500 and less 9 (15.8%) 
501-1000 22(38.6%) 
1001-1500 14 (24.6%) 
1501-2000 5 (8.8%) 
2001 and above 7 (12.2%) 
 
The ‘percentage of fixation’ is proportional data, and it has to be transformed as an arcsine value before 
conducting analysis of variance (Table 2). There were significant differences in pilots’ percentage of fixation 
between two different designs of Fighter-A and Fighter-B on the ICP (t=-3.36, p<.005, Cohen’s d=-.98); RMFD (t=-
4.85, p<.001, Cohen’s d=-1.55) and LMFD (t=-2.56, p<.05, Cohen’s d=-.79). Moreover, there were significant 
differences in pilots’ average fixation duration between two different designs of Fighter-A and Fighter-B on the 
HUD (t=2.64, p<.05, Cohen’s d=.81); ICP (t=-3.00, p<.005, Cohen’s d=-.94); RMFD (t=-5.32, p<.001, Cohen’s d=-
1.65) and LMFD (t=-2.77, p<.05, Cohen’s d=-.92). 
Table 2. Percentage of fixation and average fixation duration among AOIs between Fighter-A and Fighter-B pilots. 
Variables AOIs 
Fighter Types T-Test A B 
M SD M SD t df p SE Cohen's d 
Percentage of fixation 
(arcsine) 
HUD 54.49 11 55.15 9.06 -0.22 55 .825 2.97 -0.07 
ICP 4.19 4.58 8.42 4.02 -3.36 55 .001 1.26 -0.98 
RMFD 1.2 2.63 8.5 6.14 -4.85 19.94 .000 1.51 -1.55 
LMFD 0.35 1.52 2.05 2.63 -2.56 22.44 .018 0.67 -0.79 
OC 34.5 10.19 31.02 8.63 1.25 55 .215 2.77 0.37 
Average fixation duration 
(msec) 
HUD 541 108 468 69 2.64 55 .011 28 0.81 
ICP 170 211 330 118 -3.00 52.84 .001 44 -0.94 
RMFD 60 138 386 243 -5.32 22.24 .000 61 -1.65 
LMFD 14 60 212 300 -2.77 17.62 .013 71 -0.92 
OC 390 82 425 64 -1.60 55 .114 22 -0.48 
5667 Wen-Chin Li et al. /  Procedia Manufacturing  3 ( 2015 )  5663 – 5669 
Table 3 indicates the results of pilots' perceived workload assessed by the NASA-TLX. There were significant 
differences in physical demand (t=3.42, p<.005, Cohen’s d=.87); effort (t=4.05, p<.001, Cohen’s d=1.04) and total 
workload (t=3.02, p<.005, Cohen’s d=.88) between Fighter-A and Fighter-B pilots. Furthermore, there was 
approaching significance in mental demand (t=-1.82, p=.074, Cohen’s d=-.52) The Fighter-A pilots (M=61.09, 
SD=10.55) show significantly higher workload than Fighter-B pilots (M=52.34, SD=9.25). In addition, table 4 
indicates that 92.3 % of Fighter-A pilots show significantly good situational awareness as evidenced through the 
identification of a warning signal compared with 55.6% of Fighter-B pilots. 
Table 3. Perceived workload by NSAS-TLX between Fighter-A and Fighter-B pilots. 
Variables 
Fighter Types T-Test A B 
M SD M SD t df p SE Cohen's d 
Mental Demand 11.78 6.61 15.25 6.85 -1.82 55 .074 1.91 -0.52 
Physical Demand 9.68 8.8 3.44 4.95 3.42 52.65 .001 1.83 0.87 
Temporal Demand 10.67 9.03 6.91 5.67 1.62 55 .111 2.32 0.50 
Performance 12.55 7.64 16.35 7.68 -1.75 55 .087 2.18 -0.50 
Effort 10.19 6.12 5 3.5 4.05 52.26 .000 1.28 1.04 
Frustration 6.22 5.78 5.39 4.78 0.53 55 .597 1.56 0.16 
Total workload 61.09 10.55 52.34 9.25 3.02 55 .004 2.90 0.88 
 
Table 4. Situational awareness performance between Fighter-A and Fighter-B pilots. 
ġ  SA Performance Total Non-identified warning signal Identified warning signal 
Fighter A 3 36 39 (7.7%) (92.3%) 
Fighter B 8 10 18 (44.4%) (55.6%) 
Total 11 46 57 
4. Discussion 
The concept of human-centered flight deck design is to ensure that pilots are familiar with the cockpit layout and 
to provide pilots with general techniques for dealing with unexpected and possibly poorly defined problems. There 
are several approaches which might contribute to enhancing pilots’ situational awareness in the cockpit, such as 
training, systems integration, human-centered design, and interventions aimed at dealing with workload effects. 
Dekker [17] proposes that human errors are systematically connected to features of people's tools and tasks. 
Understanding why people do what they do so we can tweak, change the world in which they work and shape their 
assessments and actions accordingly is an important aim. The current research find that pilots distributed a high 
percentage of fixation on the HUD (AOI-1) and outside of the cockpit (AOI-5). It also showed that pilots paid the 
majority of attention to acquiring in-flight information mainly from these two AOIs, no matter which type of cockpit 
interface they operated (table 2). Furthermore, table 2 also indicates pilots’ percentage of fixation and average 
fixation duration on ICP, RMFD and LMFD had significant differences between two types of cockpit design. 
Moreover, Fighter-B pilots have higher percentage of fixation and longer fixation duration than Fighter-A pilots 
among ICP, RMFD and LMFD. This phenomenon might indicate Fighter-B pilots have to allocate more attention 
among those AOIs to complete the tasks. On the other hand, the finding probably showed that Fighter-A pilots can 
complete the same task mostly according to the information provided only by the HUD. This assumption can also be 
supported by the longest fixation duration on the HUD for Fighter-A pilots (541 msec) compared to Fighter-B pilots 
(468 msec), for the length of fixation duration is the total time fixating on an AOI, which reflects the level of 
importance of information [18]. In addition, the phenomenon that Fighter-A pilots having longer fixation duration 
on the HUD is probably due to more complex and important information needed to be processed. The findings of 
current research support previous studies [1, 3] that in-flight visual behaviors recorded by eye-tracking devices 
could be beneficial to aviation professionals and cockpit designers in understanding of pilots’ cognitive processes 
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and attention distributions. Pilots’ attention shifts are the foundation of gaining situational awareness, and pilots 
have to make decisions based on the interpreting information presented through the interface which in turn reflect 
the system designers’ original concepts [19]. 
Operating multi-tasks under time pressure might create huge workload for military pilots. Workload is one of 
critical factors impacting pilots’ situational awareness [15]. Table 3 indicates that Fighter-A pilots’ perceived 
workload (61.09) by NSAS-TLX is higher than Fighter-B pilots (52.34). The results showed that Fighter-A pilots’ 
perceived Physical Demand, Temporal Demand and Effort are significant higher than Fighter-B pilots. However, 
Fighter-A pilots’ situational awareness (92.3%) was significantly higher than Fighter-B pilots (55.6%) in terms of 
identifying a warning signal during tactical maneuvers (table 4). This phenomenon seems to be incompatible with 
the previous finding that workload could result in ineffective attention management and inadequate problem 
detection [20]. However, the results of current research might demonstrate that the design of the warning signal, 
which appeared at the HUD of Fighter-A, very much aided pilots’ situational awareness, which can compensate for 
the impact of workload. Alternatively, both Fighter-A and Fighter-B pilots were under the highest workload 
situations of Air-to-Surface mission, and the more human-centered the design, the better SA performance.  However, 
the complexity of information presented on the HUD of Fighter-A should be appreciated by system designers, as it 
is likely to have potential to distract pilots’ from their visual scans, especially during dynamic tactical maneuvers.  
If human factors specialists can be more aware of design-inducing human errors early in the design process, they 
can design the best-fit interfaces and optimize pilots’ performance, improve aviation safety, and reduce costs. 
Understanding pilots’ in-flight visual behavior is one of the necessary methods to engineers in designing the human-
centered interfaces [21].  Pilots’ visual acuity is restricted to only a small area around the fixation point and the 
control of eye movements is essential for good performance of situational awareness [22].  Jensen [23] proposed that 
there are two major objectives for human factors; the primary objective of human factors research is to design 
systems in the most optimum way to take advantage of the characteristics and abilities of the people who are 
expected to operate them; the second objective is to select and train the operators of the systems. Furthermore, by 
applying the concept of human-centered design and system integration, designers can minimize the need for 
training. In other words, training can become and means to complete the job left undone by the systems design.  A 
consideration of enhanced situation awareness in the cockpit provide a means of design for task-oriented behavior in 
dynamic systems, and it shifts the design process from providing operators with data to providing information for 
pilots performing tactical tasks. Another benefit of human-centered design is that it facilitates training in realistic 
conditions, creating a richer level of information to validate the designed products.  By the application of real-time 
eye tracker devices, interface designers can precisely evaluate pilots’ visual behavior among interfaces of cockpit 
and SA performance. In addition, extra workload might have a negative impact on pilots’ SA performance and 
increase the probability of operating hazards, and so there is the opportunity to compensate for the negative impact 
of workload through human-centered design. The current research uses eye-tracking devices to investigate pilots’ 
visual behaviors and interface design and has potential to facilitate system designers’ understanding of pilots’ 
attention distribution and situational awareness for improving the integration of cockpit designs and ultimately 
aviation safety. 
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